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SYSTEM AND METHOD FOR TRACKING AND QUANTITATTNG 

CHEMICAL ENTITIES 

[0001] This application claims the benefit of U.S. Provisional Application 

No. 60/544,501, filed February 13, 2004, which is herein incorporated by 
reference in its entirety. 

[0002] A portion of the disclosure of this patent document contains material 

which is subject to copyright protection. The copyright owner has no 
objection to the facsimile reproduction by anyone of the patent document or 
patent disclosure, as it appears in the Patent and Trademark Office patent file 
or records, but otherwise reserves all copyright rights whatsoever. 

[0003] BACKGROUND 
Field of the Invention 

[0004] The present invention relates generally to LC/MS analysis systems. 

More particularly the present invention relates to tracking entities firom one. 
injection to another during LC/MS experiments 
Background of the Invention 

[0005] A key problem in analytical chemistry is the estimation of the 

concentration of one or more molecular entities contained witiiin a complex 
mixture. Liquid chromatography (LC) followed by mass spectrometry (MS) 
is a well-laiown technique (LC/MS) that can be used to separate large 
numbers of chemical entities in a sample to facilitate measuring concentration 
or quantity of each chemical entity. Measuring the exact mass of an entity 
allows the entity to be tracked between samples. Measuring the response or 
intensity of the tracked entity allows the concentration of an entity to be 
tracked fi-om sample to sample. 

[0006] In LC/MS, a sample is injected into the system for analysis. For each 

such injection, the LC/MS system measures the retention time, molecular 
weight, and intensity of ions. Multiple ions may arise from a single molecule. 
The concentration of the molecule can be determined by examination by one 
or more of the ions it produces. 

[0007] As used herein, the temi "entity" can mean a single ion from a 

molecule or the set of ipns obtained from a single, common molecule. For 
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example a small molecule of low molecular weight can produce a single ion. 
A large molecule, such as a peptide or a protein, can produce multiple ions. 
Well-known techniques can be used to combine multiple ions jfrom a 
molecule to obtain a single effective, mass, retention time, and intensity. It is 
assumed that each entity has a mass, retention time, and intensity, and that an 
effective mass, retention time, and intensity can be assigned to each entity. 
[0008] Using these measurements of mass, retention time, and intensity, 

properties of the entities can be determined. For example, comparison of 
intensities of corresponding entities between injections is the basis of 
determining whether the concentration of an entity changes between control 
and unknown samples. Changes in a protein's concentration between 
samples are indicative of changes in expression level of the protein between 
samples. 

[0009] A set of samples can be processed using sequential injections. The 

same sample can be injected multiple times to provide a set of replicate 
injections. For example, each of two distinct samples (a standard and an 
unknown) can be injected three times, thereby producing a total of six 
injections. Using this data, reproducibility of the concentration measurements 
can be inferred for each entity, as well as the change in concentration of each 
entity between the control sample and the unknown sample. Each sample 
may contain an amount of an intemal standard to provide a relative 
calibration between samples. 

[0010] For a technique to determine the concentration of any entity, it must 

first adequately resolve that entity from all others. The LC/MS technique 
allows for separation of entities (or the ions associated with an entity) in both 
mass and retention time. Entities that co-elute in retention time, which would 
otherwise be indistinguishable, can be resolved in mass, thus allowing for 
their detection and for an accurate estimate of their intensity. 

[0011] However, for associating or tracking an entity from one injection to 

another, resolution by accurate mass alone may not be sufficient. For 
example, consider the properties of mass and retention time of a molecule. 
The molecular weight is an intrinsic property of a molecule. A mass 
spectrometer measures the ratio of the molecular weight to charge, m/z. The 
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symbol ji is often used to indicate the mass-to-charge ratio, m/z. Values for 
can be compared directly between injections. Any variation in measured 
values of \i between injections for the same entity must be due only to 
instrumental noise sources. 

[0012] Ionization techniques, such as electrospray ionization may allow 

determination of charge, Z, for samples such as peptides or proteins. The 
determined charge state allows inference of the molecular weight, m, of an 
entity. Consequently, molecular weight, m, provides a basis for tracking 
entities. For these purposes, the empirically observed mass-to-charge ratio 
value, or the inferred value of molecular weight, m, can be used, 
interchangeably. As used herein the term mass means the observed mass-to- 
charge ratio value, |j. or the inferred molecular weight m. 

[0013] With sufficiently high mass accuracy, each entity is potentially 

uniquely distinguishable based upon its value for mass. Thus, for a sample 
containing few entities, assuming sufficient chromatographic resolution to 
separate entities, a high accuracy mass spectrometer, such as a time-of-flight 
(TOF) analyzer with resolution of m/Am « 20,000, allows tracking of each 
entity from one injection to another based upon accurate measurements of 
mass alone. In such cases, mass is not necessarily being used to identify an 
entity in terms of its chemical composition or structure. Rather, mass is being 
used as an empirical and possibly unique identifier of the entity to track the 
entity between injections. 

[0014] However, mass alone may not be sufficient to track an entity from one 

injection to another. If mass accuracy is low and the sample complex, then it 
is possible that the mass of an entity as seen in one injection may match the 
empirically observed mass of an unrelated entity in another injection. For 
example, there may be two entities where fi is 1024.200 amu and 1024.300 
amu respectively. While such entities are distinguishable with MS accuracy 
less than 0.100 amu, they are not distinguishable using MS having accuracy 
greater than 0, 1 00 amu. 

[0015] The chromatographic retention time of an entity can be an additional, 

potentially independent identifier of that entity. An entity's retention time is 
not an intrinsic property. Rather, an entity's retention time depends on the 
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interactions of the entity (or, rather the molecule that gives rise to the entity) 
with the liquid and solid phases in the chromatographic separation, among 
other effect. But, even though the retention tune is not intrinsic, its value can 
be made highly reproducible for a given separation method. Ideally, if the 
retention time were exactly reproducible and to high accuracy, then the 
combination of agreement in both mass and retention time could well be 
sufQcient to allow each entity to be uniquely tracked from one injection to 
another. That is, it would be highly unlikely that two different entities share 
the exact same mass and retention time. However, retention time is not 
exactly reproducible between injections. Rather, the retention time of an 
entity can wander firom injection to injection. 

[0016] Despite such retention time wander between injections, there is a 

known regularity in retention time. That is, if an entity elutes in iajection A 
at time t, then that entity will elute in another injection, B, with a retention 
time that will lie within a window t ± At. That is the retention-time of a given 
entity can wander from one injection to another. Such wander, however, is 
bounded by a window t ± At. This bound At can be determined empirically, 
and is termed herein the coarse retention time threshold, A^^ ■ As used herein, 
the term / + At^ refers to the coarse retention time window. Although it may 
be the case that all entities lying within a coarse retention window have 
sufficiently imique masses that tracking can be done on the basis of the coarse 
retention time window and mass alone, in general, and especially in the case 
of more complex samples, there are likely entities whose mass values do not 
render them unique within a given coarse retention time window. 
BRIEF SUMMARY OF THE INVENTION 

[0017] Embodiments of the present invention involve, but are not limited to, 

samples that are separate by LC, ionized with electrospray ionization, and 
analyzed by mass spectrometers, including quadrupoles, time of flight, ion 
traps, or combinations of these analyzers. In addition, the embodiments of 
the present invention are applicable to entities that can be fragmented by MS- 
MS or MS" techniques. 
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[0018] Embodiments of the present invention use additional heretofore 

unknown regularities in chromatographic retention time along with 
knowledge of entities having unique masses in a sample to uniquely track 
those remaining entities that might not otherwise be distinguishable by mass 
alone. Examples of such samples include digests of peptides that derive from 
natural protein samples. Peptide digests of blood serum, for example, can 
contain 10,000 or more distinct peptides, or entities. In a chromatographic 
separation, 30 or more peptides can elute within the width of a 
chromatographic peak. 

[0019] A first heretofore unknown regularity is that if two different chemical 

entities elute at exactly the same retention time in one separation, then the 
difference in retention times for those entities in another separation will also 
be zero. That is, if two different chemical entities elute at the same time in 
one separation with respect to one another, they elute at the same identical 
retention time in all other separations with respect to one another. The 
absolute retention time of the pair may change from separation to separation. 
However, if the difference in retention time is zero for a pair of entities in one 
separation, the difference in retention time between that pair of entities will 
be zero for all separations. 

[0020] This regularity occurs in the important case of peptide mixtures. Two 

peptides that elute at the same retention time in one separation will elute at 
identical retention time in all other separations. Again, while the absolute 
retention time may change from separation to separation, the retention time 
difference will be zero. 
[0021] A second heretofore unknown regularity is the intrinsic measurement 

error associated with retention time. If two entities elute at the same retention 
time, relative to each other, in all injections, they will in fact elute at 
somewhat different measured elution times. Thus, within a single injection, 
the measured retention times of the two entities will match and be identical 
only on average. These measurement errors can be viewed as statistical 
errors associated with locating the top of peaks. For example, if an entity 
elutes at 10.0 minutes in an injection, its measured retention time might be 
expected to vary by ± 0.2 minutes, if a second entity also elutes at 10.0 
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minutes, its measured retention time will also vary by db 0.2 minutes. Thus, 
within an injection, the measured values of retention time for the two entities 
maybe 9.90 and 10.15 minutes. This variation of 0.25 minutes is not a 
variation in the actual relative retention time of the two entities (which is 
zero). It is a variation in the measurement of retention times of each entity 
within that injection due to measurement error. 

[0022] Generally, this statistical-based measurement error is significantly less 

that the wander error, described by Ate. The threshold associated with the 
intrinsic statistical measurement error is termed herein the fine retention time 
threshold, and denoted by Atf. 

100231 A third heretofore unknown regularity occurs for entities that elute 

closely in time, but not exactly at the same retention time. The retention-time 
at which such entities elute may change fi-om separation to separation. 
However, if there is a third entity that elutes between the two close-in-time 
eluting entities, it will always elute between those two. 

[0024] For example, as a result of retention time wander, the time offset 

between two entities may change fi-om injection to injection. For example, if 
the entities elute at 2,0 and 2.4 minutes in one injection, they may elute at 2.5 
and 2.7 minutes in a second injection. While it is true that the first entity's 
retention time drifted by 0.5 minutes between the injections, the amount of 
this drift is less important than the difference in retention times between the 
two entities. That difference was 0.4 minutes in the first injection and 0.2 
minutes in the second injection. 

[0025] The third heretofore unknown regularity also applies to a third entity 

that elutes in injection 1 between these two times. For example, assume that 
such a third entity elutes at 2.1 minutes in injection 1. According to the third 
regularity, since the third entity eluted between entities 1 and 2 in injection 1, 
it will also elute between entities 1 and 2 in other injections, such as injection 
2. In addition, the offset between injections for the third entity is 
proportional. Thus, in injection 2, the third entity will elute at 2.55 minutes. 

[0026] The regularity regarding the coarse tune window (previously known) 

and the regularity concerning statistical errors or fine retention time threshold 
(previously unknown) occtir in all chromatographic separations as they are 
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characteristics of a reproducible measurement or a robust method. The 
regularity regarding relative retention times (previously unknown) and 
retention time order (previously unknown) may or may not occur for all 
entities in a complex mixture. However, they are observed in peptide digests, 
and likely hold for mixtures where the entities have related chemical 
interactions with the chromatographic stationary and moving phases. 
[0027] Embodiments of the present invention can recognize the occurrence of 

these regularities and take advantage of them for the purpose of tracking 
entities from injection to injection. In an embodiment of the present 
invention, each entity in a sample is assigned a reference retention time. The 
reference retention time is unique in the sense that if two entities do not have 
the same reference retention time, they cannot be the same entity. If, ori the 
other hand, they do have the same reference retention time, they can be the 
same entity. 

[0028] Using this assumption, embodiments of the present invention track 

entities by requiring that they have the same mass and the same reference 
retention time. Entities that differ significantly in either or both molecular 
weight or retention time are not the same. According to embodiments of the 
present invention, a significant difference is one that falls outside a threshold. 

[0029] In summary, in complex separations, more than one entity may have 

the same mass, to within the ability of instrument to distinguish. 
Embodiments of the present invention make use of accurate mass 
measurement in light of the aforementioned previously unknown regularities 
in retention time to determine a retention time map. The retention time map 
then allows a reference retention time to be assigned to each entity in a 
separation. The reference retention time and mass of an entity can then be 
compared between separations (injections) in order to track that entity firom 
separation to separation (injection to injection). 

[0030] In one embodiment, the present invention is a method for tracking 

entities in an LC/MS system. The method comprises choosing a subset of 
entities fi*om a first injection and a subset of entities from a second injection. 
The entities chosen from the first and second injections are compared. 
Matching entities are identified based on the comparison. Using the matching 
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entities a retention time map is constructed. The retention time map is used to 
assign a reference retention time to each entity. The reference retention time 
and mass of an entity can then be compared between separations (injections) 
in order to track that entity from separation to separation (injection to 
injection). 

[0031] In another embodiment, the present invention is a system for tracking 

entities in an LC/MS system. The system comprises a sample that is input to 
a liquid chromatograph. The Uquid chromatograph separates the sample into 
one or more entities. The system ftirther includes a mass spectrometer into 
which the entities are input to determine a mass of each of the entities. A 
computer is included in the system. The computer is programmed for 
choosing a subset of entities from a first injection and a subset of entities 
from a second injection, comparing the entities chosen from the first and 
second injections, identifying matching entities in the first and second 
injections, constructing a retention time map based on the matching entities, 
assigning a reference retention time to each entity based on the map, and 
tracking an entity between separations (injections) using the reference 
retention time and mass of the entity. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] Figure 1 is a schematic diagram of an LC/MS system according to an 

embodiment of the present invention. 

[0033] Figure 2 is a flow chart for a method for identifying matching entities 

in order to determine a retention-time map between two injections A and B 
according to an embodiment of the present invention. 

[0034] Figure 3 is an exemplary plot of points retained executing a mass 

threshold and coarse retention-time threshold search according to an 
embodiment of the present invention. 

[0035] Figure 4 is an exemplary plot of points retained after executing mass 

threshold and coarse retention-time threshold search with the horizontal axis 
expanded according to an embodiment of the present invention. 

[0036] Figure 5 is a flow chart for a method for using matching entities to 

construct a retention time map according to an embodiment of the present 
invention. 
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[0037] Figure 6 is flow chart for a method for using the retention time map to 

determine reference retention times according to an embodiment of the 
present invention. 

[0038] Figure 7 is a flow chart for a method for using reference retention 

times and masses to track entities across injections according to an 
embodiment of the present invention, 

[0039] Figure 8 illustrates application of a 5-p6int median filter to an 

exemplary data set. 

[0040] Figures 9a and 9b are plots of the results of applying a 5-point median 

filter to the data illustrated in figures 3 and 4 respectively in order to 
determine the retention time map and the fine retention time threshold, 
according to an embodiment of the present invention. 

[0041] Figures 10a and 10b are plots illustrating use of the reference retention 

time, fine retention time threshold, mass, and mass threshold to track entities 
between injections, according to an embodiment of the present invention. 
DETAILED DESCMPTION OF THE INVENTION 

[0042] Figure I is a schematic diagram of an exemplary LC/MS system 101 

according to an embodiment of the present invention. A sample 102 is 
automatically or manually injected into a liquid chromatograph 104. A high 
pressure stream of chromatographic solvent forces sample 102 to migrate 
through a chromatographic colunm 106 in liquid chromatograph 104. 
Column 106 typically comprises a packed column of silica beads whose 
surface comprises bonded molecules. Competitive interactions between the 
molecular species in the sample, the solvent and the beads determine the 
migration velocity of each molecular species. A molecular species migrates 
through column 106 and emerges, or elutes, firom colimin 106 at a 
characteristic time, referred to as the retention time. 

[0043] In an LC/MS system, upon elution firom column 106, molecules are 

conveyed to a detector, such as mass spectrometer 108. Mass spectrometer 
108 comprises a desolvation system 110, an ionizer 1 12, a mass analyzer 114, 
a detector 116, and a computer. Computer 118 can be any computer that can 
be configured or programmed to perform the entity tracking operations 



9 



wo 2005/079261 



PCT/US2005/004176 



described herein. Further computer 118 can be configured to allow user input 
or automatic determination of values chosen as described herein. 

[0044] When the sample is introduced into mass spectrometer 108, a 

desolvation system 110 removes the solvent, and ionizing source 112 ionizes 
the analj^e molecules. Ionization methods include well-known electron 
impact (EI), electrospray (ES), atmospheric chemical ionization (APCl), 
matrix-assisted laser desorption ionization (MALDI), and thermospray. Note 
that in APCI the sample is desolvated, and then ionized. 

[0045] The ionized molecules are conveyed to mass analyzer 1 14. Mass 

analyzer 1 14 sorts or filters the molecules by their mass-to-charge ratio. 
Mass analyzers, such as mass analyzer 1 14, include quadrupole (Q), time-of- 
flight (TOF) and fourier transform (FT) mass analyzers. Fxirther, mass 
analyzers can be placed in a variety of tandem configurations, including for 
example, quadrupole time-of-flight (Q-TOF), triple quadrapole (Q1-Q2-Q3), 
and other quadrupole, time-of-flight configurations such as Q1-Q2-TOF. 

[0046] According to embodiments of the present invention, a reference 

retention time is assigned to each entity in each injection. According to 
embodiments of the present invention the reference retention times and 
masses of entities are used to track entities between injections. 

[0047] Reference retention times are obtained by selecting one injection as a 

reference injection (injection A) and comparing entities in A to entities found 
in other injections in the sample set. For example, consider two injections, 
injection A and injection B. Entities in the reference injection A are 
compared to those in injection B. From the results obtained firom this 
comparison, the method assigns reference retention times to entities in 
injection B. Given a third injection, injection C, the method compares entities 
in A to those in C to obtain reference retention times for C. This procedure is 
repeated to assign reference retention times to all other entities in all other 
sample sets. 

[0048] The reference retention times assigned to entities in B and C can then 

be directly compared to each other and/or to the retention times in A. In 
effect, a method according to embodiment of the present invention removes 
the effect of retention time drift between injections A and B, and between 
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injections A and C for each entity in injections B and C. Bmbodiments of the 
present invention can be extended to as many injections of as many samples 
as desired. 

[0049] According to embodiments of the present invention, a subset of the 

entities in injections A and B is used to obtain a retention-time map that 
describes retention time drift between injections Aand B. From this map, a 
reference retention time is determined for all entities in injection B. 
Similarly, according to embodiments of the present invention, a subset of the 
entities in injections A and C is used to obtain a retention-time map that 
describes retention time drift between injections A and C. From this map, a 
reference retention time is determined for all entities in injection C. 
Embodiments of the present invention can be extended to determine the 
retention time maps between the reference injection A and as many injections 
of as many samples as desired. 

[0050] Figure 2 is a flow chart for a method for identifying matching entities 

in order to determine a retention-time map between two injections A and B 
according to an embodiment of the present invention. The method can be 
performed automatically by a computer or in combination with inputs jfrom a 
user. 

[0051] In step 202, a subset of entities in injections A and B is chosen. The 

subset of entities can be chosen in a number of ways, and either manually or 
automatically. For example, the subset can be chosen based on intensity. In 
one such embodiment of the present invention, the subset of chosen entities 
includes those entities having an intensity higher than a threshold. 

[0052] The threshold can be chosen in a number of ways. For example, the 

threshold could be a pre-determined threshold, entered manually, or 
determined in accordance with the collected data. One such threshold 
determined in accordance with the data is a median threshold. The median 
threshold is calculated as the median of all of the intensities measured for 
entities in an injection. Another threshold determined in accordance with the 
collected data is a threshold based on standard deviation of measured 
intensities in a particular injection. Although not required, the measured 
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intensities in each injection could be normalized either before or after 
applying the threshold. 

[0053] The subset of entities used in creating the retention time map includes 

those entities exceeding the threshold. Consequently, the subset of entities in 
the present example includes only those entities in injections A and B whose 
intensity exceeds the threshold. 

[0054] In step 204 a coarse retention time threshold, At^ is chosen. In an 

embodiment of the present invention, a preferred value for Ate is 5 minutes. 
Ate defines the maximum wander that can occur in retention time. The coarse 
retention time threshold can be chosen manually or automatically. In 
addition, the coarse retention time threshold can be pre-determined and 
stored, for example, in a configuration file from which it is read for step 204. 

[0055] In step 206 a molecular weight threshold. Am, is chosen. The 

molecular weight threshold is alternately referred to herein as a mass 
threshold. The molecular weight threshold can also be expressed as parts per 
million (Am/m) * 10^ or as a mass-to-charge ratio, A^. The molecular weight 
threshold can be obtained through knowledge of the properties of the MS 
using methods well-known to those skilled in the art. For example, one such 
method is to specify the molecular weight threshold in terms of the width of a 
spectral peak. If the spectral peak width is specified as the full-width-at-half 
maximum (FWHM), the threshold in ppm can be expressed as (FWHM/m) * 
10^. For high intensity peaks, this threshold can be reduced by using a 
fraction of the FWHM, such as 0.2, thus the ppm error is (0.2 * FWHM/m) * 
10^ 

[0056] The molecular weight threshold can be chosen manually or 

automatically. In addition, the molecular weight threshold can be pre- 
determined and stored, for example, in a configuration file from which it is 
read for step 206. 

[0057] In step 208, a search is performed that compares all threshold-selected 

entities in injection A to those in injection B. Entities in injection A that 
singly match an entity in injection B are identified in step 210. Two entities 
are considered to match if the magnitude of the difference in their masses 
falls below the mass threshold Am, if the magnitude of the difference in their 
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[0058] 



[0059] 



[0060] 



[0061] 



retention times falls within the coarse retention time threshold Atg, if there is 
only a single entity in B that meets that criteria, and if the intensity of both 
entities (the entity in injection A, and the possible matching entity in injection 
B) lie above the respective median intensities. Search methods that can 
identify such matching entities in light of the above disclosure are well- 
known in the art. 

The resulting set of pairs obtained in Step 210 contain only pairs of 
entities that possess the unique match characteristics of molecular weight, 
coarse retention time and that satisfy any intensity requirements. That is the 
set contains N matched-pairs of entities, each indicated by a subscript i, and 
each satisfying the following conditions: 

\mf -mf\<Am; 



It would be apparent to those skilled in the art that other requirements 
could be enforced that define singly matching entities. These other 
requirements could be in addition to, alternative to, or in combination with 
one or more of the foregoing requirements. For example, a requirement that 
intensity ratios fall within a particular threshold could be added. Under such 

jA jA J 

a condition, matching entities must satisfy the condition: -~<r and > — • 



In such a case a preferred value for r might be 2. 

Another requirement that could be added applies if ions of known 
charge state are being compared. In such a case, a requirement that charge 
states match could be added, such that Zf = Z/ . 

Pairs of matching entities from injections A and B are then obtained 
by executing a search according to an embodiment of the present invention, 
as described in Steps 202 to 210. These pairs of entities are retained only if 
the entities in injections A and B meet the threshold criteria. That is, the 
effect of steps 202 to 210 is to pick a subset of entities in injections A and B 
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that satisfy match criteria that consist of the mass threshold, coarse retention 
time threshold, and a possible intensity threshold. 

[0062] From these pairs of retained, matched entities a delta retention time, 

defined as Af, s tf -tfy is obtained for each pair. The delta retention time At^ 
is the retention time drift of an entity in injection B relative to that entity in 
injection A at retention time^f . The two retention times tf and tf are the i*** 
retained matched pair fi"om injection A and B. 

[0063] Figure 3 is an exemplary plot of A^. versus tf obtained from pairs 

retained after identifying matching entities (Step 210). The points in Figure 3 
correspond to entities in injections A and B that meet the threshold criteria. In 
the example plot of Figure 3, threshold criteria are that the entities must agree 
within a mass threshold, Am , of 0.020 amu and have a retention time 
difference within 5 minutes, the coarse retention time threshold, and the 
median intensity threshold. 

[0064] Figure 4 is an exemplary plot of area 302 in figure 3 expanded 

according to an embodiment of the present invention. The expanded 
horizontal axis illustrates how concentrated the matched pairs are on the 
vertical axis. 

[0065] Examination of figures 3 and 4 reveals the presence of a dense 

backbone along which most of the points cluster. However, the figures also 
reveal some scattering of points about the backbone, and the presence of 
outhers. These issues can be addressed through techniques such as filtering 
described below. 

[0066] Once the list of matched entities is identified using the mass threshold 

and coarse retention time threshold, a retention time map is constructed in 
step 212. Figure 5 is a flow chart for a method for constructing a retention 
time map according to an embodiment of the present invention. In step 502, 
the list of matched pairs is sorted according to the retention times observed 
during injection B. In a preferred embodiment, the list is sorted so that the 
values of tf are in ascending order. Thus, tf^.^ >tf for i = 1, 2, . . N-1. The 
sorting preserves the pairing between entities in injections A and B that 
resulted firom the mass and coarse retention time search. 
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[0067] Examination of the plot shown in Figure 3 confirms the selection of 

the value for A^^ as most of retention time differences fall within the coarse 
retention time window. Moreover, such examination suggests that a reduced 
value of A/^ could have been used to determine the pairing between entities, 
/.e, the value of A/^ can be refined. If on the other hand, it appeared fi-om 
examination of a plot such as that illustrated in Figure 3 that the excursion 
exceeded the value of A^^ , the value of Ai^ could be increased, and the steps 
204-210 for determining matching pairs illustrated in Figure 2 could be 
repeated. 

[00681 In step 504 the values of Ar,. are filtered to find a refined value for 

Ar,. , as a fiinction of if . Such filtering can be performed in a number of 
ways. For example, the filtering can be a moving avemge filter, a median 
filter, a spUne, or any other desired filtering. With a moving average filter, 
each value of Ar^ is replaced by a weighted average of its neighbors. 
However, to eluninate the effects of the outliers, a median average filter is 
employed for purposes of the present disclosure. In a median average filter, 
each value of A^^ is replaced by the median of itself and its M nearest 
neighbors. Typically, M ranges from 5 to 20, though it could be outside of 
that range for a particular application. 

[00691 Figure 8 illustrates application of a 5-point median filter to an 

exemplary data set to remove outliers. Plot 801 plots the data set prior to 
application of the 5-point median filter. Two outliers, 802 and 804 are 
prominent in plot 804. Plot 806 illustrates the data set after application of the 
5-point median filter. It can readily be seen that the 5-point median fdter 
eliminated outliers 802 and 804. 

[00701 Filtering by the median filtered generates the set of median filtered 

values A/;" , corresponding to retention times tf . Figures 9a and 9b are plots 
of the result of applying a 5 point median filter to the exemplary data 
illustrated in figures 3 and 4 respectively, according to an embodiment of the 
present invention. Figure 9b is area 902 of figure 9a expanded. Examination 
of figures 9a and 9b reveals the removal of outUers by the median filter. We 
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refer to the set of points ( A^,"* , if ) plotted in Figures 9a and 9b as tbe 
backbone. The plot of A^,"* versus tf in Figures 9a and 9b passes through the 
center of the densest regions m Figures 3 and 4. 
[0071] In step 506, a set of reference retention times is calculated as 

t^"f = tf - A//" . The effect of this equation is to subtract the filtered retention 
time drift At,' firom Atf . The value tf"^ is the retention time that entity is 
would have if it were in injection A. Step 506 results in N pairs of values, 
(tf , tf"^ ). These pairs of values are the retention time map between the two 
injections. 

[0072] The retention time map (tf , ) can be viewed as a point-to-point 

look-up table (LUT), which is described by the paired values. As described 
above, the retention time map is derived from a subset of the entities. Using 
the retention time map, a reference retention time is detemiined for all entities 
in injection B. Specifically the retention time map is used to determine 
reference retention times for all entities in injection B whether they are or are 
not in the LUT. 

100731 Figure 6 is a flow chart for a method for using the retention time map 

to determine reference retention times for all entities in injection B according 
to an embodiment of the present invention. In step 602, it is determined if a 
given entity in injection B is part of the look-up table. Whether the entity is a 
part of the LUT is based on its retention time, tf . If the entity's retention 
time is included in the LUT, the entity is considered to be included in the 
retention time map. Otherwise, the entity is not considered as included in the 
retention time map. 

[00741 If an entity is included in the retention time map, then its reference 

retention time is tf"^ as defined above in step 506. If, on the other hand, the 
entity in injection B is not part of the retention time map LUT, then in one 
embodiment of the present invention, linear interpolation is applied to 
calculate to the reference retention time for the entity in injection B. The 
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equation for the linear interpolation is given as: 




where tf^^ > >: tf . The entities specified by subscripts i and i+1 specify 
entities included in the retention time map, i.e., in the LUT. The entities 
specified by the subscript k are not included in the LUT. Thus, the 
interpolation equation specifies how reference retention times are determined 
for entities not included in the LUT. 

[0075] In step 508 retention reference times are calculated for all entities in 

injection A. In a preferred embodiment of the present invention, the reference 
retention time for each entity in injection A is its original retention time. That 
is, for all entities in injection, the retention reference time //"^ s tf , After the 
reference retention times for entities in injection A have been assigned, a 
reference retention time has been assigned for all entities in injections A and 
B. The foregoing assignment of reference retention times to each of the 
entities in injections A and B removes the retention time offset between 
entities in injections A and B. 

[0076] Additional injections, if available, can also be considered. For 

example, if a third injection, injection C, were available, the above described 
steps could be repeated, substituting the values for entities in injection C in 

place of those of injection B to determine tf"^ . 

[0077] Thus embodiments of the present invention can determine reference 

retention times for all entities in all injections in a sample set. The reference 
injection (herein, injection A) can be taken to be any injection within such a 
sample set for the purpose of determining reference retention times for 
entities within a sample set. 

[0078] Figure 7 is a flow chart for a method for tracking the entities in 

injections A and B. Given the retention time map created according to an 
embodiment of the present mvention, step 702 determines the fine retention 
time threshold, At^ . The fme retention time threshold is the intrinsic 
statistical error in measurements of a peak's retention time. 
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The fine retention time threshold is computed by considering the 

delta retention time values A^, found for each matched pair and the filtered 

values A^!" . Given A^^ and i^t^ , the differences of these values is computed 

as dtf = Atf - A^™ . Some values of St^ are zero, when the median value for 

A^i is A/^ itself. These zero values are omitted, creating a set of points St^ . 

The values for represent the intrinsic statistical error in the measurement 

of retention time. 

At J. can be estimated firom St ^by, for example, taking the standard 

deviation about the mean of St^ and assigning Atj^ to be 4 times that standard 

deviation. Alternatively Atj. can be estimated firom Stj by using well-known 

histogramming techniques, where a histogram of St. is produced and 

Atj^ corresponds to a time that includes a specified fraction of the points, e.g. 

99%. Aty . 

In tracking entities between injections, the retention time threshold 
that will be used in the fine retention time threshold A/^ . The fine retention 
time threshold is used in conjunction with the reference retention times, and 
mass values, to track entities between injections. Typically, Atj- is on the 
order of 0.4 minutes but may vary from application to application. Thus, the 
retention time threshold has been reduced from the coarse retention time 
threshold of 5 minutes to approximately 0,4 minutes. In turn, this reduction 
has the effect of reducing or eliminating ambiguities in comparing entities 
having the same molecular weight. 

Using At J. , all entities in injections A, B and C can be tracked. In 

step 704, all entities in injections A and B are compared. Those meeting the 
tracking criteria are retained. For example, in a preferred embodiment of the 
invention, the tracking criteria are: 

^mf -mj\<Ain and 

\tf-^^t^-^\<At,. 
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[0083] The search is over any entity (indexed by i) in injection A versus any 

entity (indexed by j) in injection B. As can be seen by the tracking criteria 
provided above, the mass window (mass threshold) is unchanged, whereas the 
retention time widow (retention time threshold) is changed to compare 
reference retention times, not the retention times themselves, to the fine 
search threshold. A match is indicated when both criteria are met Though 
optional, application of intensity criteria is not required. 

[0084] Additional injections can be analyzed. For example, given a third 

injection, injection C, all entities in injection C are compared to all entities in 
injection A. Only those entity pairs meeting the following criteria are 
retained: 

|w,^-»iy|< Aw and 

Alternatively, all entities in injection C could be compared to all entities in 
injection B. Only those entity pairs meeting the following criteria are 
retained: 

jwf -w/_^|< A/« and 

[0085] Note that even though injection A is used as the common target for the 

reference retention time computation, once computed, reference retention 
times can be compared between any two injections, such as between B and C. 
Thus, embodiments of the present invention provide a completely symmetric 
comparison for entity tracking across an arbitrarily large number of 
injections. 

[0086] Figures 10a and 10b are plots illustrating use of the fine retention time 

threshold for trackmg entities between injections according to an embodiment 
of the present invention. Lines 1002 in figure 10a is obtamed by adding the 
fine retention time threshold to the backbone + A^^*" , and line 1004 is 
obtained by subtracting the fine retention time threshold from the backbone 
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Atj^ - At"' , Figure 10b is a plot of area 1001 of figure 10a expanded. Lines 

1006 and 1008 are expanded view of lines 1002 and 1004. 
10087] In figure 10a, those points that lie within 1002 and 1004 satisfy 

^t^^ ^tf^ j < At J- . Therefore each point that lies within 1002 and 1004 

represents a pair of entities tracked between injection A and B, This is 
because each point simultaneously satisfies two criteria: the fine retention 

time threshold - 1^'^ | < Atj- and the mass threshold Iw,"^ - | < Aw . 

[0088] In summary, embodiments of the present invention allow tracking of 

entities between injections. For example, in an embodiment of the present 
invention two entities are the same if they have the same molecular weight 
(within a prior specified error) and if they have the same reference retention 
time (to within a prior specified error). The errors can be detmnined by 
examining data properties. Such tracking of entities over injections allows an 
analyst to quantify or track relative changes in concentration of entities 
between samples in a sample set. 

[0089] As can be seen, embodiments on the present invention do not require 

use internal standards as is required using conventional entity tracking 
methods. TJiis is because embodiments of the present invention do not 
require a priori Imowledge of which entities appear with imique masses. In 
effect, the exact mass measiurements allow use of each entity appearing in the 
retention time map as a local retention time standard. 

[0090] Assignment of reference retention times requires that there be a coarse 

and a fine retention time threshold. The coarse threshold provides boimdary 
limits that are not to be exceeded. The fine threshold provides variation about 
zero. All unique matches for entities having high-intensity (e.g., high signal- 
to-noise ratio) are expected to be found within the coarse threshold. 

[0091] Once an entity has been tracked fi-om injection to injection, the 

quantitative change in concentration of the entity between samples can be 
measured. The quantitative response is the response as measured by the 
LC/MS system for the ion or set of ions that define an entity. 

[0092] For example, consider an experiment that includes of N replicate 

injections for each of M samples. The mean, median, standard deviation, 
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coefficient of variation can be obtained for mass, intensity and retention time 
for all entities tracked within each subset of N replicate injections. The mean 
of these quantities can be similarity tracked for each entity between the M 
samples. 

[0093] The response of each entity as a function of sample can be input to 

standard statistical analysis software, such as SIMCA (available from 
Umetrics, Switzerland), or Pirouette (available from Infometrix, 
Woodenville,. Washington, USA). Such analysis software can take as input 
the list of tracked entities produced by embodiments of tiie present invention 
and reveal changes in entities between sample populations. The SIMCA and 
Pirouette software packages, as well as other software systems, provide 
principle component analysis or factor analysis techniques that can be applied 
to these data. 

[0094] In particular, intensities associated with tryptic peptides that are 

digestion fragments of a common protein change in concert from sample to 
sample. Consider the following: one sample or set of samples contains a 
protein that is expressed at one level, and another sample or set of samples 
contain the same protein but now is expressed at a different concentration 
level. If tryptic digestion is performed, then the concentration of the tryptic 
peptides associated with that protein will scale from one sample to another. 
That is, the concentration pattern will form one distinct pattern in one sample, 
and will from a similar patter in another sample, but with intensity values 
scaled overall to be larger or smaller, in response to a larger or smaller 
concentration of the parent protein. 

[0095] Such correlated change in concentrations can be readily seen by factor 

analysis methods or by methods based on principle component analysis 
(PCA). Such a method can be used to identify the parent proteins whose 
concentration, or expression level, has changed from sample to sample. That 
is, if a set of peptides produce a distinctive signature in a PCA plot. If those 
peptides point to a common parent protein, then the protein whose expression 
level has changed has been identified. 
[0096] A definitive identification can be made by taking the exact mass of 

these associated peptides (the ones that change in concert) and identifying 
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them using standard peptide fingerprinting software, such as provided by 
peptide mass fingerprint software, available from 
http://www.matrixsciences.com/ or prospector.ucsf.edu. 

[0097] The foregoing disclosure of the preferred embodiments of the present 

invention has been presented for purposes of illustration and description. It is 
not intended to be exhaustive or to limit the invention to the precise forms 
disclosed. Many variations and modifications of the embodiments described 
herein will be apparent to one of ordinary skill in the art in light of the above 
disclosure. The scope of the invention is to be defitned only by the claims 
appended hereto, and by their equivalents. 

[0098] Further, in describing representative embodiments of the present 

invention, the specification may have presented the method and/or process of 
the present invention as a particular sequence of steps. However, to the 
extent that the method or process does not rely on the particular order of steps 
set forth herein, the method or process should not be limited to the particular 
sequence of steps described. As one of ordinary skill in the art would 
appreciate, other sequences of steps may be possible. Therefore, the 
particular order of the steps set forth in the specification should not be 
construed as limitations on the claims. In addition, the claims directed to the 
method and/or process of the present invention should not be limited to the 
performance of their steps in the order written, and one skilled in the art can 
readily appreciate that the sequences may be varied and still remain within 
the spirit and scope of the present invention. 
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